INTRODUCTION
Maraging steels belong to a class of low carbon high alloyed steels .
( 1 2) which attain their strength by precipitation-hardening ' • The typical heat treatment of these alloys consists of a solution treatment at about \ 800-900°C followed by air cooling to room temperature to form a highly dislocated lath-like iron-nickel martensite. Upon aging at 450 to 500°C (6) (7) (8) (9) subject of several investigations , and the various proposed models for the embrittling mechanism are all concerned with grain boundary segregation and/or precipitation of alloy carbides or nitrides. Precipitation reactions at prior austenite grain boundaries in 18%Ni-Co-Mo steel after heating at 1200°C and then maintained at 750°C was first (10) reported by Hall and Campbell • The later work of Boniszewski and Boniszewski(ll) attributed the formation of such grain boundary particle networks to the precip~tation of TiC or possibly a titanium carbonitride.
Boniszewski and Boniszewski also suggested that these networks may be detrimental to the impact properties of marging steels. -2- Only recently has this thermal embrittlement been the subject of (8 9 ) (8) more systematic investigations ' • Kalish and Rack established the temperature range of the thermal embrittlement and attributed the major loss in toughness to the diffusion of interstitial impurity atoms as carbon and nitrogen to the austenite grain boundaries during cooling or intermediate isothermal annealing below 1100°C. The discrete precipitation of Ti (CN) at the boundaries was believed to play a role only in the advanced stage of the embrittlement.
Johnson and Stein examined the cause of thermal embrittlement by employing Auger electron spectroscopy and showed that the embrittlement was directly correlated with segregation of Ti and C to the prior austenite grain boundaries. They proposed that embrittlement was then due to subsequent reaction of Ti and carbo~ to form a carbide at the boundaries.
Although it appears that thermal embrittlement requires the presence of Ti and C(N) in the prior austenite grain region, the separate effects ·of atomic grain boundary segregation and boundary inclusions cannot be considered resolved by the above works as no direct observations were made of the particle structure resulting from the embrittling heat treatments. Accordingly, in order to understand better the detailed mechanism by which the grain boundaries are embrittled during slow cooling or intermediate isothermal annealing in the austenite temperature range, an objective of this work is to characterize the precipitation products in the prior austenite grain boundary regions as well as ~ithin the grains. From the characterisation results, the precipitation behaviour may be changed by altering the heat treatment schedule so as to determine whether changing the carbide distribution affectsthe fracture OO:)U~JO In order to distinguish the precipitates due to the embrittling intermediate anneal from the particle structure present at the termination of the high temperature treatment, foils for TEM work were prepared from material subjected to the high temperature treatment only. In the as-quenched condition this highly dislocated lath-like martensite contained a low density of relatively large (>l~m diameter) particles assumed to be remnants from the alloy casting. While these inclusions
were not subjected to any detailed diffraction pattern analysis, d-values associated with the majority of the inclusions examined could be ascribed to Ti(CN) ·A few inclusions believed to be Tis 2 were also detected(ll), The size and morphology of these particles resemble those observed by
. (11) Boniszewski and Boniszewsk1 studying carbon replicas from grain boundary embrittled fracture surfaces of a mar~ging steel.
Within the prior austenite grains irregular plate shaped particles illustrated by the TEM micrograph in Fig. 3 , were observed. These precipitates were exceedingly non uniformly distributed with large volume fractions almost particle free, while other regions contained clusters of high particle density as shown in It is difficult to conceive a thermodynamical force responsible for such a distributuion and it is suggest~d that topography effects may be responsible for their results. It is interesting to observe that the Although some evidence of grain boundary precipitation was observed, 
Mechanical Properties
The results of the tensile tests are given in Table II and as can be seen the excellent ductile properties of the conventionally heat treated material are severely impared by the embrittling heat treatments. pattern is interpreted as a subgrain boundary fracture mode. Fig. 9b schematically outlines how the fracture path · in heat treatment I material can follow either the high angle boundaries or the subgrain boundaries which both are decorated by finely dispersed TiC particles.
To summarize, the salient experimental results are that the fracture properties of thermally embrittled maraging steels are closely related to the presence of carbides in the prior austenite grain boundary regions. 
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